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A FmE-FLIGHT INVESTIGATION OF THE HEAT TRANSFER 

AND AFTFKBODY FLOW FIELD OF AN AFOLLO-TYPE 

CONFIGURATION AT SPEEDS TO io,ooo FT/SEC* 

By Gary T. Chapman and Charles T. Jackson, Jr. 

Small aluminum models similar t o  t h e  Apollo Command Capsule were gun- 
launched a t  high speeds, allowed t o  decelerate  aerodynamically t o  a f e w  hundred 
f ee t  pe r  second, and caught, and t h e i r  t o t a l  aerodynamic hea t  input  w a s  measured. 
Shadowgraph p i c tu re s  were a l s o  taken a t  various i n t e r v a l s  along t h e  f l i g h t  pa th  
f o r  f low-f ie ld  s tud ie s  and t o  determine t h e  velocity-time h i s t o r y  of each f l i g h t .  

The t o t a l  hea t  measurements show t h a t ,  for t he  t r a j e c t o r i e s  flown, t he  t o t a l  
hea t  t r a n s f e r  depends on angle of a t t a c k  a s  well  as launch ve loc i ty .  For the  
s m a l l  angles of a t tack ,  t h a t  por t ion  of the  i n i t i a l  k i n e t i c  energy which goes 
i n t o  hea t ing  t h e  model i s  very small .  Furthermore, comparisons with r e s u l t s  f o r  
o ther  configurat ions t e s t e d  i n  the  same manner show t h a t  as t h e  t o t a l  drag c o e f f i -  
c i e n t  increases ,  the  hea t  t r a n s f e r  decreases.  The to t a l -hea t - t r ans fe r  da ta  w e r e  
f u r t h e r  analyzed, on the b a s i s  of t he  t r a j e c t o r i e s  t raversed,  t o  y i e l d  in s t an ta -  
neous sur face  average hea t - t r ans fe r  rates as functions of ve loc i ty .  These 
r e s u l t s  show t h a t  t h e  surface average hea t - t ransfer  rate i s  near ly  constant f o r  

.angles of a t t a c k  up t o  t h a t  angle a t  which f l o w  a t taches  t o  t h e  afterbody. 
t h i s  angle,  t he  average hea t - t r ans fe r  r a t e  increases rap id ly  with angle of a t t ack .  

Above 

The shadowgraph s tud ie s  of afterbody f l o w  ind ica te  l a r g e  changes i n  t h e  
amount of a t tached  flow with both ve loc i ty  and angle of a t t a c k .  Increased veloc- 
i t y  reduced t h e  angle of a t t a c k  required t o  promote a t tached  flow on the  windward 
s ide  o f  the  afterbody. The separated as w e l l  as the  a t tached  flow w a s  found t o  
be laminar a t  a l l  speeds between 1,500 and 6,000 f t / s e c .  p d T H d / g  

INTRODUCTION 

Although considerable e f f o r t  has been d i rec ted  toward determining heat ing 
loads of  Apollo-type vehic les ,  t he re  s t i l l  remains a degree of uncer ta in ty  as t o  

Unclassif ied 
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t he  e f f ec t s  of angle of a t t ack  dy heatiG8 load. The 
l a t t e r  i s  r e l a t e d  t o  va r i a t ions  i n  the  ex ten t  of afterbod? flow sfflgration, which, 
a t  present,  are not  w e l l  understood. 0:: 
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The purpose of t h i s  r epor t  i s  twofold: F i r s t ,  t o  present  experimental 
heat ing r e su l t s  on a configurat ion s imi l a r  t o  t h e  Apollo vehic le  (he re ina f t e r  
r e fe r r ed  t o  as the  b lun t  capsule) ,  and second, t o  present  experimental r e s u l t s  on- 
t h e  shape and nature  ( i . e . ,  laminar o r  t u rbu len t )  of t he  f ree  shear  l a y e r  and the  

flow zones i n  the  afterbody region of t h e  b lun t  capsule.  

SYMBOLS 

m a x i m u m  c ross -sec t iona l  area 

reference area f o r  hea t  t r a n s f e r  

wetted area 

s p e c i f i c  hea t  of model material 

t o t a l  drag c o e f f i c i e n t  

average drag coe f f i c i en t  defined by equation ( 9 )  

diameter of model 

enthalpy 

constant  of p ropor t iona l i t y  

s l a n t  length of model af terbody 

Mach number 

model mass 

exponent i n  equation ( 4 )  

t o t a l  aerodynamic heat  t r a n s f e r  

energy added t o  calor imeter  

hea t - t r ans fe r  r a t e  def ined by equation ( 3 )  

l o c a l  hea t - t r ans fe r  ra te  

base hea t - t r ans fe r  r a t e ,  referenced t o  wetted base a rea  
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reference radius  of curvature 
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Pns 

Stanton number 

s t a t i o n  of flow reattachment on windward s i d e  of afterbody 

temperature of t h e  calor imeter  

temperature of t he  model 

t i m e  

ve loc i ty  

dis tance along t h e  f l i g h t  pa th  

densi ty  of t h e  a i r  

coe f f i c i en t  of viscos i t y  

angle of a t t ack  

i n i t i a l  condition f o r  normalizing angle of a t t a c k  

dynamic - s t a b i l i t y  parameter 

wave length of p i tch ing  o s c i l l a t i o n  

Subs c r i p  t s 

por t ion  of t r a j e c t o r y  during which hea t  i s  being added t o  model 

conditions p r i o r  t o  launch 

launch conditions 

conditions behind normal shock 

root  mean square 

s tagnat ion conditions 

w a l l  (model sur face)  condi t ions 

$‘See -stream conditions 
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The experimental hea t - t ransfer  data f o r  t h i s  r epor t  were obtained by meas- 
uring, i n  a calorimeter,  the  t o t a l  heating of a model f i r e d  through a long 
b a l l i s t i c  range ( see  r e f .  1). This method is  i l l u s t r a t e d  i n  f igu re  1. Here a 
model launched from a gun i s  shown t rave l ing  through a b a l l i s t i c  range where 
shadowgraph p i c tu re s  a r e  taken. The model scale ,  model mater ia l ,  a i r  densi ty ,  
and range length a r e  se lec ted  s o  t h a t  the model dece lera tes  t o  a few hundred f e e t -  
pe r  second before  enter ing Yne catcher .  It i s  f u r t h e r  decelerated t o  zero for- 
ward ve loc i ty  as it pierces  sheets  of paper. The model then fa l l s  through a 
paper funnel  i n t o  a calor imeter  where the t o t a l  hea t  input  i s  measured. A sec-  
t i o n a l  drawing of t he  calorimeter and a t y p i c a l  output record a r e  shown as 
i n s e r t s  i n  f igure  1. A de ta i l ed  descr ipt ion of t he  calor imeter  and how it works 
i s  given i n  reference 1. 

Analysis of the  t o t a l  heat  t r a n s f e r  of s eve ra l  d i f f e r e n t  shots  with d i f f e r -  
en t  launch ve loc i t i e s  y ie lds  the  instantaneous surface average hea t - t r ans fe r  r a t e  
as a funct ion of ve loc i ty .  

Des c r i p  t ion of Model 

A drawing of t he  b lun t  capsule i s  shown i n  f igu re  2 ( a ) .  The models were 
made i n  one piece of 7075% aluminum. 
se l ec t ed  so t h a t  t he  model would decelerate  from launch speed t o  l e s s  than  
500 f e e t  pe r  second i n  the  length of the b a l l i s t i c  range. 
t y p i c a l  model and sabot  i s  shown i n  f igure  2 ( b ) .  

The model material and diameter were 

A photograph of a 

Test Conditions 

A l l  o f  the  t e s t s  were conducted a t  s ea - l eve l  atmospheric condi t ions.  The 
values of t he  important t e s t  conditions a re  l i s t e d  i n  t a b l e  I. The free-s t ream + 

Reynolds number var ied  d i r e c t l y  with the free-s t ream ve loc i ty :  

(1) R, = 6.25 dV,X103 

where V, i s  t he  f l i g h t  veloci ty ,  i n  f ee t  per  second, and d i s  the  body diam- 
e t e r ,  i n  f e e t .  
t r a n s f e r  cor re la t ions ,  i s  based on gas proper t ies  behind the  normal shock and the  
body diameter. This Reynolds number, R,,, i s  near ly  constant over t h a t  por t ion  
of the  t r a j e c t o r y  during which the major por t ion  of t he  heat ing occurs and i s  
approximately 0.20 mi l l ion .  

Another form of t h e  Reynolds number, which i s  use fu l  i n  hea t -  

4 
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Heat - t ransper  reduction. - The calorimeter responds t o  t h e  d i f fe rence  between 

the  model mean temperature and t h a t  of t he  calor imeter .  This d i f fe rence  includes 
the  e f f e c t s  of heat ing during f l i g h t  and the  difference ex i s t ing  j u s t  p r i o r  t o  
;he t e s t ,  so  t h a t  

. 
&aero = AQ + mc(Tc - Tm)i  

the  calorimeter 

cor rec t ion  due t o  poss ib le  d i f fe rences  
i n  i n i t i a l  temperature of model and 
calorimeter 

In  the  der iva t ion  of equation ( 2 )  there  a r e  assumed t o  be no extraneous hea t  
sources or sinks; the  v a l i d i t y  of t h i s  assumption i s  discussed i n  d e t a i l  i n  r e f -  
erence 1. The poss ib le  e r ro r s  introduced w i l l  be out l ined  i n  the  sec t ion  on 
e r r o r  ana lys i s .  

The values of t o t a l  aerodynamic heat  t r ans fe r ,  &aero, a t  d i f f e r e n t  launch 
ve loc i t i e s ,  may be  analyzed t o  y i e l d  instantaneous surface-average heat ing r a t e s ,  
as described i n  reference 1. cavy i s  defined as 

The instantaneous surface-average heat ing rate, 

where i2 is  t h e  hea t - t ransfer  r a t e  a t  a point  on the  surface,  AR 
ence a rea  f o r  hea t  t ransfer ,  and Aw i s  the  wetted a rea  of the  body. A func- 
t i o n a l  r e l a t ionsh ip  between 

i s  t h e  r e f e r -  

&vy f r e e  -stream density,  and ve loc i ty  i s  assumed: 

where p, is t h e  free-s t ream densi ty ,  r i s  a reference radius  ( e .g . ,  radius  of 
w r v a t u r e  a t  t h e  s tagnat ion p o i n t ) ,  V, i s  the  f l i g h t  speed, and K and n a r e  
constants t o  be determined. 

The t o t a l  aerodynamic hea t  t r a n s f e r  t o  a model over a given t r a j e c t o r y  can 
be expressed as 

t 
Qaero = *R i,dt (5 1 

where t i s  t h e  time of f l i g h t .  

From t h e  equation of r e c t i l i n e a r  motion, we obtain 
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Equations (4 ) ,  ( 5 ) ,  and ( 6 )  may be combinea &.frltegta;tE$ f o r  a constant drag 
coe f f i c i en t  t o  y i e ld  

n- 1 0 .  

0:: 

(7) 
- K M R  v ~ ~ - ~  - Vcatch 

Qaero - n - 1  
AcCD 

Since the launch and catch ve loc i t i e s  and drag coe f f i c i en t  a r e  known from 
chronograph records and shadowgraphs, n and K may be se lec ted  t o  obta in  a b e s t  
f i t  t o  the experimental values of &aero. 

. 

The ana lys i s  described above works very wel l  i f  both K and n a r e  cons tan t -  
or very nearly constant over t he  t r a j ec to ry ;  however, t h i s  i s  t r u e  only f o r  t he  
case of near-zero angle of a t t a c k  o r  where the  heat ing r a t e  i s  independent of t he  
angle of a t t ack .  
ments. It was  thought, however, t h a t ,  f o r  a f ixed  value of RMS angle of a t t ack ,  
defined by 

The b lunt  capsule configurat ion does not meet these requi re -  

where Xh i s  t h a t  por t ion  of the  f l i g h t  during which heat  i s  being taken i n t o  
the  model, t h e  values of would be near ly  constant;  t h a t  i s ,  K = K ( a m )  
and n = n ( a m ) .  
funct ion of angle of a t t ack .  Therefore the  value of CD used i n  equation ( 7 )  i s  
the  average 
sponding t o  a m :  

K and n 
Furthermore, the  drag coe f f i c i en t  f o r  the  b lun t  capsule i s  a 

CD, defined by equation ( 9 )  over t he  angle-of-at tack range cor re-  

LXh CDdx 

( 9 )  - - 
'Dav Xh 

It i s  rea l ized  t h a t  the above-outlined technique f o r  handling the  e f f e c t s  of 
angle of a t t ack  is approximate. 

Determination of launch ve loc i ty  and drag.-  The launch ve loc i ty  ( i . e . ,  
ve loc i ty  a t  t he  muzzle of the  gun) w a s  deduced from shadowgraph and chronograph 
records,  from s t a t i o n s  located 1 4  t o  20 f e e t  from t h e  gun muzzle by extrapolat ing 
these  measurements back t o  the  gun muzzle. This ex t rapola t ion  w a s  based on 
experimental drag coe f f i c i en t s  and the  equation of motion along t h e  f l i g h t  path,  
with dis tance ins tead  of time as the  independent var iable;  t h a t  is ,  

The drag da ta  presented i n  t h e  r epor t  were deduced from the  ve loc i ty  h i s t o r y  
This obtained from the  f i r s t  seven shadowgraph s t a t i o n s  by use of equation (10).  

w a s  done by assuming t h a t ,  over a s h o r t  d i s tance ,  the  drag coe f f i c i en t ,  CD, i s  
constant .  Equation (10) can then be in t eg ra t ed  d i r e c t l y  t o  y i e l d  

l n V = y  -Acpw c p  + constant  

6 



The drag coe f f i c i en t  may';;e \CJurk.b;$lotting the logarithm of the  measured 
veloci ty ,  V, v w  x.  w% Ib'cal slope of t h i s  curve i s  proport ional  t o  CD . 
and the  constan-l;stof propor t iona l i ty  a r e  known. 
i n  general  a nea'r?y s t r a i g h t  l i n e )  back t o  t h e  s t a t i o n  of the  gun muzzle gives 
the  ve loc i ty  of t he  model a t  launch. 

Extension of t he  curve (which i s  

Angle of a t t a c k . -  A study of the da ta  of the present  inves t iga t ion  shows 
t h a t  hea t  t r a n s f e r  i s  a s t rong function of t h e  pi tching amplitude; therefore ,  it 
w a s  necessary t o  determine the  pi tching h is tory  of each model. 

By a strange quirk of f a t e  the  re la t ionship  between t h e  o s c i l l a t i o n  wave 
length and t h e  spacing between shadowgraph s t a t ions  precluded d i r e c t  determina- 
t i o n  of p i tch ing  h i s to ry  - t h a t  is ,  A = 3.75 feet '  and the  s t a t i o n  spacing was 
7 f e e t .  However, it w a s  possible  t o  determine the  root-mean-square (RMS) angle 
of a t t ack  by use of t he  re la t ionship  between the RMS angle of  a t t ack  and the  meas- 
ured drag coe f f i c i en t  from reference 2, which is  shown i n  f igu re  3. From a meas- 
urement of t h e  l o c a l  s lope of the na tu ra l  logarithm of 
desired po in t  along t h e  t r a j ec to ry ,  the  drag coef f ic ien t  w a s  obtained, and the  
corresponding RMS angle of a t t ack  read from f igure 3. This procedure assumes 
t h a t  t he  drag coe f f i c i en t  f o r  t h i s  configuration i s  independent of Mach number, 
a t  least f o r  Mach numbers grea te r  than about 2. This asswrrption i s  believed t o  
be va l id  because of the  known i n s e n s i t i v i t y  of t o  Mach number i n  the  high 
supersonic speed range f o r  t h i s  c l a s s  of configurations.  
a t t ack  obtained i n  t h i s  manner a re  thought t o  'be accurate t o  within 53'. 
values of RMS angle of a t t a c k  quoted i n  t h i s  report  f o r  t he  b lunt  capsule config- 
ura t ion  a r e  f o r  a pos i t i on  18 t o  22 f e e t  from the gun muzzle, he re ina f t e r  
re fer red  t o  as s t a t i o n  1. 

V versus x curve a t  any 

CD 
The RMS angles of 

The 

Error Analys i s  

The accuracy of the  t o t a l  aerodynamic hea t - t ransfer  measurements depends on 
recording equipment and the  el iminat ion of extraneous sources and s inks of heat .  
The estimated accuracies f o r  t o t a l  aerodynamic heating a re  presented below f o r  
th ree  d i f f e r e n t  launch ve loc i t i e s .  

b 

Tota l  aerodynamic heating, Qaero 

Error range, Velocity, 
percent f t / s e c  

+13 t o  -20 
+8 t o  -15 
+6 t o  -13 l0,OOO 

A de ta i l ed  discussion of t he  sources of e r r o r  can be found i n  reference 1. The 
e r ro r s  l i s t e d  above a r e  about 5 percent  higher than those quoted i n  reference 1, 
because one of t he  pro tec t ive  devices used t o  sh ie ld  the  f la t -based  models aga ins t  
p rope l lan t  gases w a s  not adaptable t o  the  blunt  capsule model. 

'The wave length of these  osc i l l a t ions  was estimated from the  model prop- 
e r t i e s  and t e s t  conditions and w a s  ve r i f i ed  through the  use of th ree  temporary 
shadowgraph s t a t i o n s  inser ted  between two permanent s t a t i o n s .  

7 
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The inaccuracies i n  the  average heat ing r$tes,,,q*f a r e  d i f f i c u l t  t o  

ascer ta in  because the i n t e g r a l  procedure used i n  obtaining the  ?,&<ults makes use 
of an assumed func t iona l  dependence, equation ( 4 ) .  It is  thought& however, t h a t  
t he  inaccuracy can be as la rge  or l a r g e r  than the  e r ro r s  i n  t h e  t o t a l  aerodynamic 
heat ing data .  In  reference 1 it w a s  shown t h a t  the  m a x i m u m  e r r o r  i n  iav w a s  
approximately equal t o  the  maximum e r r o r  i n  the  t o t a l  hea t  measurement 
f o r  a hemisphere. 

&aero 

The estimated accuracy of o ther  pe r t inen t  quan t i t i e s  i s  l i s t e d  below. 

Measured drag coe f f i c i en t ,  CD 21 percent  
Launch ve loc i ty ,  VL +1 percent  

Amount of windward meridian 
RMS angle of a t t ack ,  a m  230 

on afterbody covered by 
at tached flow, ( 2  - s ) / l  20.10 

RFSULTS A.ND DISCUSSION 

Heat -Transf e r  Data 

Total  hea t  t r a n s f e r . -  The t o t a l  hea t ,  &aero, t r ans fe r r ed  t o  t h e  b lun t  
capsules is  shown i n  f igu re  4 as a funct ion of launch ve loc i ty .  These r e s u l t s  
a r e  a l s o  given i n  t a b l e  I. The RMS angle of a t t a c k  determined a t  s t a t i o n  1 is  
indicated i n  brackets  beside each t e s t  po in t .  The RMS angle of a t t a c k  can be 
seen t o  have considerable e f f e c t  on the  t o t a l  hea t  t r ans fe r r ed  t o  the  b lun t  cap- 
su l e .  This w i l l  be discussed l a t e r  i n  the  repor t .  The two l i n e s  i n  t h i s  f i gu re  
a r e  thought t o  represent  approximately the  t o t a l  hea t  t r a n s f e r  a t  RMS angles of 
a t t a c k  of Oo and 16O. 

It should be noted t h a t  the  r e s u l t s  presented i n  f igu re  9 of reference 1 
demonstrate t h a t  t he  spread of t he  experimental po in ts  i n  f igu re  4 is  not  due t o  
experimental s c a t t e r .  

Fraction of t h e  k ine t i c  energy appearing as heat  t r a n s f e r . -  A f i gu re  of 
mer i t  useful  i n  studying heat ing loads t o  reent ry  vehicles  i s  the f r a c t i o n  of the  
i n i t i a l  k i n e t i c  energy which appears as hea t  t r ans fe r r ed  t o  the  vehicle .  The 
t o t a l  aerodynamic hea t  t r a n s f e r  divided by t h e  k ine t i c  energy a t  launch i s  shown 
p l o t t e d  i n  f igu re  5 ( a )  as a funct ion of ve loc i ty .  
cent  of t he  i n i t i a l  k ine t i c  energy appears as hea t  t r ans fe r r ed  t o  the  model, and 
furthermore t h a t  t h i s  f r a c t i o n  i s  near ly  independent of ve loc i ty  bu t  i s  dependent 
on angle of a t t ack .  

Note t h a t  l e s s  than one pe r -  

Similar r e s u l t s  f o r  a hemisphere and 60' blunted cone ( r e f .  1) a r e  a l s o  
shown on t h i s  f i gu re .  I n  comparing the  d i f f e r e n t  configurat ions,  it i s  i n t e r e s t -  
ing t o  n o t e  t h a t  for the  speed range covered and f o r  small angles of a t t ack ,  t he  
smaller t he  drag coe f f i c i en t  t he  l a r g e r  t he  f r a c t i o n  of the  i n i t i a l  k i n e t i c  
energy which appears as hea t  t r a n s f e r .  These same bas ic  r e s u l t s ,  normalized by 
the  square root  of t he  Reynolds number based on flow proper t ies  behind the  

8 A-780 
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normal shock, ape shown manner the  da t a  are more 
e a s i l y  used t o  yQ.culate heat ing loads a t  other t e s t  condi t ions,  and show t h e  
same bas ic  trend8'as f i g u r e  5(a) .  

1.95~10-~ and 2.7, respec t ive ly .  The t e s t  r e s u l t s  i n  the  form of equation ( 4 )  

Heat- t ransfer  r a t e s  as a funct ion of ve loc i ty . -  Upon applying the  da ta  
reduction method described e a r l i e r  t o  t h e  t o t a l  hea t - t r ans fe r  r e s u l t s  and using 
the  drag coe f f i c i en t s  t o  be presented l a t e r ,  we obtain hea t - t r ans fe r  r a t e s  i n  the  
form 

Dimensionless hea t - t r ans fe r  parameter.-  The hea t - t r ans fe r  r a t e s  were reduced 
I t o  dimensionless form as follows. The average Stanton number, S t ,  i s  defined as 

where t h e  subsc r ip t ,  ns, r e f e r s  t o  conditions behind t h e  normal shock, and h s t  
and hw a r e  t h e  s tagnat ion and w a l l  enthalpies ,  respec t ive ly .  For the  present  
t e s t s  
& s a t i s f a c t o r y  assumption f o r  t h a t  por t ion  of the t r a j e c t o r y  during which the  
major por t ion  of t he  heat ing w a s  taking place ( r e f .  1). 

hw was  taken as the  w a l l  enthalpy p r i o r  t o  launch. This w a s  found t o  be 

iav curve of f igu re  6 and on 
maximum c ross -sec t iona l  a rea ,  and t h e  square root of the  Reynolds number, based 
on p rope r t i e s  behind the  normal shock, i s  p lo t t ed  i n  f igu re  7 as a funct ion of 
s tagnat ion  enthalpy f o r  t h e  b lun t  capsule a t  zero angle of a t t ack .  
seen t h a t  S t s  i s  r e l a t i v e l y  in sens i t i ve  t o  changing s tagnat ion enthalpy. 
Also shown a r e  the  r e s u l t s  f o r  a hemisphere and a 60° blunted cone. Note t h a t  
t he  r e s u l t s  f o r  these  configurat ions,  having wide va r i a t ions  i n  l o c a l  heat ing 
r a t e s  and l a rge  d i f fe rences  i n  base area,  a r e  c lose ly  grouped when p l o t t e d  i n  
t h i s  manner. 

The product of Stanton number, based on the 

It can be 

9 



Effec t  of Angle of Attack and*A#t&&Zody ::: 
Heating on the  Blunt Capsule :. 

0:: 

In  discussing the  e f f e c t  of angle of a t t a c k  on the  hea t  t r a n s f e r  t o  the  
b lunt  capsule, one should keep i n  mind t h a t  the  da ta  were obtained from an o s c i l -  
l a t i n g  model t ravers ing  a dece lera t ing  t r a j ec to ry .  
h i s t o r y  of one of t h e  models i s  shown i n  f igu re  8. 
erence 3 was used t o  ca l cu la t e  t h i s  angle-of-at tack h i s to ry .  
length of 3-3/4 f e e t  and a value of t he  dynamic-stabil i ty parameter, 5 ,  of 1.0 
were used i n  t h i s  ca lcu la t ion .2  (This value of 5 w a s  obtained from r e f .  2. An 
ana lys i s  of the  present  da ta  ind ica tes  t h a t  t h i s  value may be  s l i g h t l y  high f o r  
the  conditions of t he  present  t e s t s . )  
diverging s l i g h t l y ,  p r imar i ly  as a r e s u l t  of decreasing dynamic pressure as the  
model decelerates .  
divergent o s c i l l a t i o n  encountered i n  t h e  present  t e s t s .  
t o t a l  heat input  t o  the  model as a funct ion of t he  d is tance  t r ave led  is  a l s o  p re -  
sented i n  t h i s  f i gu re .  
of t he  heating has a l ready occurred and the  maximum pi tch ing  amplitude has 
increased by 30 percent  from i t s  i n i t i a l  value.  This shows t h a t  although the  
osc i l l a t ions  a r e  divergent,  t h e  amplitude i s  near ly  constant during the  per iod of 
high hea t  t r a n s f e r .  
of am (which is measured a t  s t a t i o n  1) is  d i f f e r e n t  from the RMS angle of 
a t t a c k  over the  dis tance i n t e r v a l  from the  gun muzzle t o  s t a t i o n  1. However, 
these t w o  values o f  RMS angle of a t t a c k  a r e  r e l a t e d  by 

A normalized angle-of-at tack " 
The method described i n  ref-  

A measured wave - 

Note t h a t  the  p i t ch ing  o s c i l l a t i o n  i s  

The case presented i n  f igu re  8 is  thought t o  be the  most 
The f r a c t i o n  of t he  

A t  a d is tance  of 20 f e e t  from t h e  gun muzzle, 80 percent  

Furthermore, because of t h i s  divergent character ,  the  value 

10-20 

Ista1 

(1-3) 

where A is the  wave length of t he  p i t ch ing  o s c i l l a t i o n .  This r a t i o  i s  0.88 f o r  
the  p tching o s c i l l a t i o n  shown i n  f igu re  8. The i n t e g r a l  i n  the numerator of - 
equation (13) i s  not  ava i l ab le  from experimental information but  t he  r a t i o  
defined by equation (13) is ,  i n  general ,  wi thin about 10 percent  of un i ty .  
RMS angle of a t t ack  determined a t  s t a t i o n  1 w a s  used f o r  gaging the  e f f e c t s  of 
angle of a t t ack  on hea t  t r a n s f e r .  

The 
. 

Effects  o f  angle of a t t a c k  on the  t o t a l  hea t  t r a n s f e r . -  The t o t a l  hea t  
t r a n s f e r  Dlotted versus RMS angle of a t t a c k  f o r  the  b lun t  capsule a t  two d i f f e r -  
en t  launch v e l o c i t i e s  i s  shown i n  f igu re  9. 
extrapolated and in te rpola ted  da ta  from f igu re  4, s ince  the re  w a s  not  a complete 
range of a m  i n  the  da ta  a t  any one ve loc i ty .  
a m  = 18.740 which corresponds t o  the  RMs angle of a t t a c k  below which t h e  a f t e r -  
body i s  always i n  the  shadow, so  t o  speak, of t he  f r o n t  f ace .  
p a r t i c u l a r l y  f o r  the  lower speed, t h a t  t he  heat ing increases s i g n i f i c a n t l y  f o r  

2The dynamic-stabi l i ty  parameter r e f e r r e d  t o  i s  the  combined parameter 
defined i n  reference 3, which includes the  e f f e c t s  of decelerat ion,  modelplung- 
ing, and conventional damping i n  p i t c h  on t h e  envelope of t he  p i tch ing  
o s c i l l a t i o n s .  

10 

These curves were constructed from 

Also shown i s  a l i n e  a t  

It appears, 
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angles of attack:ireater &an t h i s  value.  
coe f f i c i en t  d e c w e s  with increasing angle of a t t ack .  
an increased t o t a l  hea t  input .  

It should be pointed out t h a t  t he  drag 
This w i l l  be r e f l ec t ed  i n  

Effec ts  of angle of a t t a c k  on che hea t - t ransfer  rates.- If these  r e s u l t s  a r e  
Eylalyzed t o  obtain ;lav with the  r e s t r i c t i o n  t h a t  the  value of n i s  constant,  
we obtain the  r e s u l t s  shown i n  f igu re  10, namely, t h e  r a t i o  of the  heat ing rate 
t o  the  heat ing rate a t  It is  
%ow evident more pronouncedly than i n  f igu re  9 (because of t he  inf luence of CD 
i n  eq. ( 7 ) )  t h a t  as soon as the  angle of a t tack  i s  s u f f i c i e n t l y  l a rge  t o  make the  
windward afterbody surface a compression surface,  t he  hea t - t r ans fe r  r a t e  
increases  s ign i f i can t ly .  The curve ind ica tes  t h a t  the  hea t - t r ans fe r  rate a t  the  
higher  speed s tar ts  t o  increase a t  a lower angle of a t t a c k  than does t h a t  a t  the  
lower speed. This would appear t o  ind ica te  t h a t  attachment of t h e  flow t o  the  
afterbody i s  occurring a t  a lower angle of a t t ack  a t  t h e  higher speed. This 
indeed i s  what i s  observed i n  shadowgraph p ic tures ,  as w i l l  be discussed later.  

a, = 0, qa, * I. qavaro, versus the  RMS angle of a t t ack .  

Afterbody heat ing.-  Crude estimates of the base heat ing were obtained by 
subt rac t ing  t h e o r e t i c a l  f r o n t  -face heat ing r a t e  (ca lcu la t ions  based on refs. 4, 
5, and 6 )  from t h e  heat ing r a t e  f o r  the  e n t i r e  b lunt  capsule. 

The base hea t - t r ans fe r  estimates obtained i n  t h i s  manner a r e  not  very 
accurate  because they involve the subt rac t ion  o f  two numbers whose d i f fe rence  is 
as la rge  as the  poss ib le  inaccuracies i n  t h e  o r ig ina l  two numbers. However, it 
w a s  thought t h a t  these r e s u l t s  were s t i l l  of some i n t e r e s t ,  because the re  a r e  
very few base hea t  - t r ans fe r  r e s u l t s  ava i lab le  and those ava i lab le  f requent ly  
include the  e f f e c t s  of s t i n g  in t e r f ,  erence. 

The base hea t - t r ans fe r  rates (referenced t o  wetted afterbody area which i s  
2 times the  c ross -sec t iona l  a r e a )  for a, = 0, divided by the  t h e o r e t i c a l  
s tagnat ion-point  heat ing r a t e  ( r e f .  4), a r e  p lo t t ed  i n  f igu re  11. The s o l i d  l i n e  
ind ica t e s  t h e  values as calculated;  the  shaded area  represents  t he  maximum poss i -  
b l e  combinations of e r ro r .  It should be noted t h a t  because of the  la rge  base 
a rea ,  these r e s u l t s  imply extremely la rge  amounts of base heat ing.  This appears 
t o  be too  high, ind ica t ing  t h a t  t he  inaccuracies described e a r l i e r  tend t o  be a l l  
addi t ive .  Also shown a r e  some r e s u l t s  f o r  afterbody heat ing of t he  Mercury cap- 
s h l e  ( r e f .  7 ) .  It can be seen t h a t  the present  r e s u l t s  f a l l  considerably above 
those of reference 7. 
i t y  does not  appear t o  be r e a l i s t i c  and probably r e f l e c t s  t he  l a r g e r  experimental 
e r r o r s  a t  the  lower speeds. 

The extreme increase i n  base heat ing with decreasing veloc- 

Base Flow 

It i s  poss ib le  t o  s tudy c e r t a i n  fea tures  of the  afterbody flow f i e l d  as 
a f fec ted  by speed (or Reynolds number) and angle of a t t ack  because of the  la rge  
number of shadowgraph p i c tu re s  of the  b lunt  capsule taken during the  hea t -  
t r a n s f e r  t e s t s  (e .g . ,  f i g s .  1 2 ( a ) ,  (b ) ,  and ( e ) ) .  The observed f ea tu res  a r e  sm- 
marized i n  f i g u r e  13. 
windward s ide ,  t h a t  i s ,  a t tached or separated,  i s  ind ica ted  by s o l i d  and open 

The condition of t he  afterbody flow p a t t e r n  on the  

11 
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symbols , respect ively,  f o r  various angles of a t t&lCdn<o$eloc i t i2 ,  
she l te red  s ide  , the  flow w a s  always separated.  ) 
symbol indicates  the percentage of the  windward meridian covereb*$y at tached flow. 
The two shaded l i n e s  divide the  da ta  according t o  separated,  p a r t i a l l y  a t tached,  
and f u l l y  a t tached flow regimes. 
j o i n  a t  about 7,000 f e e t  pe r  second; what happens above t h i s  ve loc i ty  i s  not  
known, but it is thought t h a t  t he  flow may be f u l l y  a t tached a t  the  Reynolds 
numbers shown f o r  s m a l l  angles of a t t ack .  

(On the  
The numter bes-geach s o l i d  

It can be seen t h a t  these  two l i n e s  appear t o  

. 
Also  shown on t h i s  f i gu re  a r e  a s e r i e s  of dashed l i n e s  which separate  . 

regions of laminar, t r a n s i t i o n a l ,  and turbulen t  flow. In  the  region labeled t u r -  
bulent  f l o w ,  the  boundary-layer flow i s  turbulen t  everywhere downstream of the  
model shoulder. Note t h a t  t h i s  region i s  confined t o  the  low speeds where the  
Reynolds numbers were very low, contrary t o  what might have been expected. 
a r e  several  poss ib le  reasons f o r  t h i s ;  however, t he  one t h a t  appears t o  be most 
applicable is t h a t  the f l i g h t  ve loc i ty  i s  near sonic speed and there  a r e  many 
s m a l l  normal shock waves i n  the  flow f i e l d .  This induces l a rge  disturbances i n t o  
the  f r e e  shear l aye r  causing t r a n s i t i o n .  Two regions of t r a n s i t i o n a l  flow a r e  
shown. I n  these,  t r a n s i t i o n  occurs e i t h e r  i n  the  f r e e  shear  layer  o r  upon 
reattachment. The laminar region a t  intermediate speeds i s  character ized by lam-  
i n a r  flow a l l  t he  way t o  the  recompression shock waves a t  the  minimum wake diam- 
e t e r  s t a t i o n  behind the  model. ?"ne lack of shadowgraphs a t  the  higher speeds 
prevented ana iys i s  of the  flow above 8,000 f e e t  per  second. 

There 

From t h i s  f i gu re  it can be seen t h a t  attachment occurs a t  lower angles of 
a t t a c k  a t  higher speeds. Since at tached flow w i l l ,  it i s  suspected, y i e l d  
g rea t e r  base heat ing than separated flow, the  a rea  covered by at tached flow was  
s tudied i n  more d e t a i l .  

Attachment p a t t e r n . -  Some idea of the  attachment p a t t e r n  w a s  obtained from a 
survey of many shadowgraphs. 
The afterbody of t he  b lunt  capsule configurat ion i s  shown "developed" onto a f l a t  
surface.  Approximate l i n e s  of flow attachment f o r  two d i f f e r e n t  angles of a t t ack  
a r e  indicated by l i n e s  through the  symbols. The e n t i r e  region within a l i n e  i s  a- 
region of a t tached flow. 
a t tached flow i s  p l o t t e d  versus angle of a t t a c k  i n  f i g u r e  15. 
t h a t  the  f r a c t i o n  of the  base a rea  covered by at tached flow increases  very 
rap id ly  with angle of a t t a c k  a t  a nominal speed of 3,300 f e e t  per  second. 

The r e s u l t s  of t h i s  survey a r e  shown i n  f igu re  14. 

The percentage of t he  wetted base a rea  covered by 
It can be seen 

Drag Data 

Knowledge of the  drag h i s t o r y  w a s  e s s e n t i a l  t o  ana lys i s  of t he  experimental 
t o t a l -hea t - t r ans fe r  da ta .  The drag r e s u l t s  f o r  t he  b lun t  capsule a r e  shown i n  
f igu re  16. 
t i v i t y  of t he  drag coe f f i c i en t  t o  va r i a t ions  i n  angle of a t t ack ;  the  s m a l l  p i t c h -  
ing amplitudes co r re l a t e  with the  highest  drag. In  f a c t ,  f i g u r e  3 can be used t o  
ass ign  RMS angles of a t t a c k  t o  each run a t  a l l  d i s tances  from the  gun f o r  which 
the Mach number is  g rea t e r  than 2.  The da ta  poin ts  a t  Mach number equal t o  5 .5  
i n  t h i s  f igure  were obtained by ex t rapola t ing  the  drag da ta  back along the f l i g h t  

A separate  s e t  of da ta  i s  shown f o r  each t e s t  because of t h e  s e n s i -  

12 
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path  t o  a poin2,qhere i s  t h a t  t he  tumbling 
model ( run  443$=has a dr+a'g coef f ic ien t  nearly equal  t o  t h a t  of a sphere (CD 
a sphere varies;*&-om 0.91 t o  1.00 over t h i s  speed range) .  

f o r  

S m a r y  of Experimental Results 

Experimental hea t - t r ans fe r  r e s u l t s  were obtained on a configuration s imi l a r  
,to the  Apollo vehic le .  The following a r e  some of t he  r e s u l t s :  

1. It w a s  found t h a t  the  port ion of t he  i n i t i a l  k ine t i c  energy which 
appears as hea t  t r ans fe r r ed  t o  the  b lunt  capsule i s  s m a l l  and, furthermore, when 
compared t o  o ther  configurations,  t h a t  configuration having the  l a r g e s t  drag has 
the  l e a s t  amount of heat ing.  

2 .  The e f f e c t  of s tagnat ion-point  enthalpy on the  hea t - t r ans fe r  parameter, 
S t  fi, w a s  small. 

3. 
a t t ack .  
flow on the  afterbody. 
a t t ack  g rea t e r  than the  afterbody ha l f  angle.  

Heat t r a n s f e r  t o  the  b lunt  capsule increased with increasing angle of 
This r e su l t ed  from both decreased drag and increased amount of a t tached 

The l a t t e r  e f f e c t  i s  p a r t i c u l a r l y  important a t  angles of 

4. There w a s  considerable heat  t r a n s f e r  t o  the  base of the  b lunt  capsule; 
however, the  experimental accuracy with which the  base hea t - t r ans fe r  r a t e s  could 
be obtained from present  measurements w a s  poor. 

In  the  process of obtaining the  hea t - t ransfer  da ta ,  many shadowgraphs were 
taken. 
i n t e r e s t i n g  f ea tu res  i n  the  flow around the  afterbody: 

A d e t a i l e d  study of the  shadowgraphs of t he  b lunt  capsule revealed two 

1. Flow attachment t o  the  windward s ide  of t he  afterbody of the  b lunt  
capsule w a s  found t o  occur a t  progressively lower angles of a t t a c k  with increas-  
'ing speed; t he  windward s i d e  experienced f u l l y  a t tached flow a t  l e s s  than 10' 
angle of a t t a c k  f o r  t he  t e s t  Reynolds numbers a t  a speed of 7,000 f e e t  per  second. 

2. The afterbody a rea  covered by attached flow a t  the  lower speeds w a s  
found t o  increase very rap id ly  with angle of a t t ack  for angles above 17'. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif., Ju ly  19, 1963 
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I 

T e s t  conditions T e s t  r e s u l t s  

'Run Ambient Ambient Model temp. Model No. 
pressure,  temp., p r i o r  t o  weight, ft/sec VL, ~ a e r o x 1 0 ~ t  Btu sheets  

p s i a  OF launch, OF grams penetrated 

326 14.78 63.9 72.0 0.2361 9,915 4.58 33 
403 14.83 62.8 67.2 .2262 8,540 5.05 48" 
404 14.76 62.9 68.4 -2254 7,720 3.77 48" 
405 14.81 63.6 62.1 .2264 9,080 3.71 41 
438 14.84 66.7 61.9 02293 5,540 1.73 40 

460 14.71 63.7 60.1 .2313 7,170 3.40 46" 

443 14.75 65.6 60.5 02279 5,520 3.43 45 
459 14.89 62.1 57.7 .2299 5,800 1.70 29 

475 14.88 53.6 54.0 .2284 5,740 1.98 39 
476 14.88 57.7 54.9 -2292 5,550 3-05 47" 

11.8 
30.4 
24.2 
17.5 
16.3 

Tunblink 
3 
26.8 
23.5 
30.7 

1 I 1 I 
"Model penetrated a l l  ava i lab le  paper and h i t  rubber backstop before f a l l i n g  i n t o  

calorimeter.  
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